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• As redox potential and host-rock uranium concentrations increase, aqueous uranium 48 concentrations also generally increase. 49 • Aqueous U concentrations of up to 10 µg L -1 are typical for shallow granite 50 groundwaters, with up to 1 mg L -1 being simulated in the most evolved waters. 51 • Field studies of uranium in groundwater in Norway and Southern Siberia broadly 52 support the modelling findings. a Precambrian-Cambrian suite of metavolcanics and metasediments. Specifically, the 149 modelling assumed an assemblage comprising 60% plagioclase (An30Ab70), 23% quartz, 5% 150 hornblende, 7% biotite and 5% potassium feldspar. Calcite is initially assumed to be absent. 151 Dutova, Nikitenkov, Pokrovskiy, Banks, Frengstad, Parnachev. P a g e | 7
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The parent mineral assemblage is indicated in Table 1 . The uranium was introduced in the 152 model in its hexavalent form as a substitute for Ca and Al proportionately in the matrices of all 153 of the aluminosilicate mineral phases (except quartz) listed in Table 1 . Accordingly, uranium 154 is released to the water phase as the minerals are hydrolysed. 155 The rate of dissolution / hydrolysis of the various mineral phases is calculated on the basis of 156 initial reaction / dissolution rate constants, relative to a reference reaction. As reaction products P a g e | 10 Modelling uranium in groundwaters ((UO2)2CO3(OH)3) -, (U(CO3)4) 4-, (U(CO3)5) 6-, UO2SO4, (UO2(SO4)2) 2-, UO2(HSO4)2, 173 (UO2HSO4) + , (USO4) 2+ , U(SO4)2, UO2Cl + , (UCl) 3+ , (UCl2) 2+ , (UO2) + , (UOH) 3+ , (U(OH)2) 2+ , 174 U(OH)4, (U(OH)3) + , ((UO2)3(OH)4) 2+ , (UO2(OH)4) 2-, (UO2(OH)3) -, ((UO2)2(OH)) 3+ , 175 ((UO2)3(OH)7) -, ((UO2)3(OH)5) + , ((UO2)2(OH)2) 2+ , UO2(OH)2, UO2OH + , ((UO2)4(OH)7) + , 176 UO2OH, (HUO3) -, (HUO4) -, (UO4) 2-, (UOH) 2+ , (UO3) -, (HUO2) + .
178
The modelling also considered 33 secondary solid phase minerals, of which 15 were uranium-179 containing ( The evolved water composition was, at each step of the modelling process, reacted with the Figure 6 shows the dependence of aqueous concentrations of uranium on the uranium content 276 of the rocks. It is conceivable that this graphic actually has the potential to be used as a (Table 3) . With a parent rock uranium content of 50 ppm U, the pattern of evolution is not qualitatively 309 different, but secondary uranium minerals begin to precipitate at a much earlier stage of 
313
Under more oxidising conditions (Eh = +100 mV), the model does not predict the formation of 314 secondary uranium minerals within the modelled mineralisation interval (i.e. at M < 10 g L -1 ).
315
Based on these results we can conclude that the formation of secondary uranium minerals is 316 very Eh sensitive, and therefore that the redox conditions suitable for the mobilisation and were varied within the range 10 -2.5 to 10 -0.5 atmospheres (Figure 7) . The system was open with 325 respect to CO2. The partial pressure of 10 -0.5 atm. is rather high to be realistic for soil gas or 326 recharge water, but 10 -2 or 10 -1.5 atm is a realistic figure for CO2 concentrations found in soil Figure 7 illustrates that the pH value is controlled by the available partial pressure of CO2. The 335 curves have similar shape in each case and the pH increases by 0.5 units in the mineralisation 336 interval 150 to 1500 mg L -1 . One order of magnitude increase in the CO2 partial pressure 337 typically results in 0.5 units of pH decrease. In reality, the CO2 content experienced by the 338 water-mineral system will depend on temperature, biological activity in the soil zone, diffusion 339 processes, gas-phase/dissolved-phase dynamics (and also the degree of closure of the system: 340 here it is assumed that the system is open with respect to CO2). Furthermore, it has been shown 341 that the mobility of uranium is directly affected by complexation with elements of the carbon-342 dioxide-carbonate system (Barsukov & Borisov, 2003) . Table 4 summarizes for varying CO2 partial pressure (from 10 -2.5 to 10 -0.5 atm.), for temperature = 10°C, Ptot = 1
351
MPa and content of uranium in primary mineral assemblage = 5 ppm.
352
It can be seen from Table 4 that the evolution of the behaviour of uranium in the system is 353 heavily dependent on the CO2 conditions. Further detail can be found in Figure 8 , which 354 demonstrates that, for a PCO2 of 10 -1.5 to 10 -2.5 atm. (which range corresponds well with natural 355 groundwater systems), it is possible to achieve up to just over 1 mg L -1 uranium in the simulated In the steppe terrain of the intermontane basins and adjacent structures of the West Siberian
444
Plain, the majority of groundwaters are of bicarbonate type, with mineralisation not exceeding 445 c. 1000 mg L -1 . However, more brackish waters of varying ionic composition can also be found 446 (Na-HCO3 Ca-Na-Cl-HCO3, Na-Ca-SO4-HCO3, Ca-Na-Cl-SO4-HCO3 and even Na-SO4 or, Dutova, Nikitenkov, Pokrovskiy, Banks, Frengstad, Parnachev. All of this leads us to speculate that dissolved uranium concentrations in groundwater are 621 controlled by three master variables: 622 623 (i) the total uranium content in the parent mineral assemblage (see Table 3 ) 624 (ii) the Eh (see Table 3 ) 625 (iii) the pH, which is in turn affected by CO2 conditions 626 627 Dutova, Nikitenkov, Pokrovskiy, Banks, Frengstad, Parnachev.
P a g e | 31
Modelling uranium in groundwaters and maybe not by the transition to sodic waters in itself. In many silicate-dominated 628 groundwater systems, the transition to sodic waters tends to occur when the system is buffered 629 at a relatively high pH by secondary calcite precipitation (which releases protons to the water). Thus, the approximate coincidence of the transition to sodic waters with an optimum pH for 634 uranium mobilisation may be largely fortuitous. (1) In the simulated oxidising environment, uranium occurs predominantly in solution in 643 its hexavalent state.
644
(2) Increasing the host rock uranium content generally tends to increase the aqueous 645 uranium concentration.
646
(3) Increasing Eh (at least within the range +5 to +100 mV) also tends to increase uranium 647 mobilisation in the aqueous phase.
649
The simulations have also allowed the following hypotheses to be formulated: 650 651 (4) In rocks with a uranium content of 5 to 50 ppm in the primary mineral assemblage, it 652 is possible to accumulate concentrations of uranium in the aqueous phase that result in 653 precipitation of secondary uranium minerals.
654
(5) At a partial CO2 pressure of 10 -2.5 atm., the rate of accumulation of uranium in the 655 aqueous phase seems to reach a maximum in the transitional domain between calcium-656 sodium and sodium bicarbonate water, as calcite approaches saturation. The highest 657 uranium concentrations in oxidising environments are predicted to occur in alkaline 658 sodium bicarbonate water types, where calcium has been depleted by calcium 659 saturation.
P a g e | 32 Modelling uranium in groundwaters (6) Uranium accumulation in solution is hindered in hydrochemically mature waters by 661 saturation with respect to, and the thermodynamic likelihood of precipitation of "black" 662 pitchblende-type mixed hexavalent-tetravalent uranium oxides. 663 (7) For moderate mineralisations and PCO2 between 10 -1.5 and 10 -2.5 atm., aqueous 664 concentrations of uranium of up to 10 µg L -1 are typical in the simulations for rocks higher pH values are observed at lower PCO2 and saturation with respect to secondary 675 uranium minerals is achieved at an earlier stage of hydrochemical evolution (lower 676 mineralisation) than at higher values of PCO2. Moreover, uranium appears to accumulate 677 more rapidly in solution, relative to the rate of accumulation of total aqueous 678 mineralisation, at lower PCO2.
679
(9) The simulations where PCO2 has been varied strongly suggest that there are several key 680 influences on uranium accumulation in water and that it is impossible to draw general 681 rules regarding the stage at which uranium becomes saturated with respect to secondary 682 minerals (i.e. specific pH, mineralisation or hydrogeochemical facies transition).
684
These observations can be tested against existing data sets for groundwater quality from 685 granitoid rocks and may also be of use in prospecting for secondary uranium deposits. 
